Sphingolipids are abundant constituents of neuronal membranes that have been implicated in intracellular signaling, neurite outgrowth and differentiation. Differential localization and trafficking of lipids to membrane domains contribute to the specialized functions. In non-neuronal cultured cell lines, plasma membrane short-chain sphingomyelin and glucosylceramide are recycled via endosomes or sorted to degradative compartments. However, depending on cell type and lipid membrane composition, short-chain glucosylceramide can also be diverted to the Golgi complex. Here, we show that NBD-labeled glucosylceramide and sphingomyelin are transported from the plasma membrane to the Golgi complex in cultured rat hippocampal neurons irrespective of the stage of neuronal differentiation. Golgi complex localization was confirmed by colocalization and Golgi disruption studies, and importantly did not result from conversion of NBD-glucosylceramide or NBD-sphingomyelin to NBD-ceramide. Double-labeling experiments with transferrin or wheat-germ agglutinin showed that NBD-sphingolipids are first internalized to early/recycling endosomes, and subsequently transported to the Golgi complex. The internalization of these two sphingolipid analogs was energy and temperature dependent, and their intracellular transport was insensitive to the NBD fluorescence quencher sodium dithionite. These results indicate that vesicles mediate the transport of internalized NBD-glucosylceramide and NBD-sphingomyelin to the Golgi complex.
Lipid membrane segregation in epithelial cells has been studied by examining the trafficking of fluorescent, short acyl chain lipid analogs (C 6 -NBD-lipids) (1) . Newly synthesized analogs of (glyco)sphingolipids (SLs), such as glucosylceramide (GlcCer) and sphingomyelin (SM), reach the epithelial cell surface with a different apical/basolateral polarity, reflecting the surface polarity of endogenous GlcCer and SM (2) . GlcCer is preferentially transported to the apical surface (3) , and its transport to the plasma membrane involves vesicular (4-7) as well as nonvesicular trafficking (8) . Upon nonvesicular transport to the cytosolic leaflet of the plasma membrane, NBD-GlcCer can appear on the noncytosolic leaflet by transbilayer movement involving ATP-binding cassette proteins, such as P-glycoprotein (9, 10) . The ratio of SLs in the apical/basolateral plasma membrane domains depends on the nature of SLs and the epithelial tissues studied (9) .
Neurons are another example of polarized cells (11) (12) (13) (14) . In contrast to protein transport, little information is available on lipid trafficking in neuronal cells. In cultured rat hippocampal neurons, the ganglioside GM1 is internalized to late endocytic compartments, where only the axonal turnover is dependent on the stage of neuronal development (15) . Detailed knowledge of lipid trafficking and metabolism could provide the molecular basis for the role of SLs in the neurite outgrowth and differentiation (16, 17) . With this aim we have investigated the trafficking of SLs in cultured neuronal cells at different developmental stages by using short-chain analogs of glucosylceramide (NBD-aminohexanoyl-glucosylceramide, C 6 -NBD-GlcCer or NBD-GlcCer) and sphingomyelin (NBD-aminohexanoyl-sphingomyelin, C 6 -NBD-SM or NBD-SM). We show that in cultured rat hippocampal neurons NBD-GlcCer and NBD-SM are internalized to the Golgi complex via early/recycling endosomes. This result is particularly significant for NBD-SM since, to our knowledge, its transport to the Golgi complex has not been previously reported in cultured cells. Finally, both NBD-GlcCer and NBD-SM are transported to the Golgi complex by a vesicle-mediated mechanism. The functional relevance of the transport to the Golgi complex of internalized SLs for the biosynthetic and recycling pathways and neurites differentiation and outgrowth is discussed.
Results

NBD-GlcCer and NBD-SM are internalized and transported to the Golgi complex in rat hippocampal neurons irrespective of their differentiation stage
To identify the intracellular pathway utilized by neuronal plasma membrane SLs, we have followed the trafficking of NBD-labeled GlcCer and SM in rat hippocampal neurons in culture at different developmental stages ( Figure 1A ,B,C,D) (18) . NBD-GlcCer or NBD-SM was incorporated into the plasma membrane of cells and allowed to internalize for 30 min. NBD-lipids remaining in the plasma membrane were subsequently removed by a back-exchange procedure. In young stage 3 neurons, the NBD-SLs labeled a highly com- 
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Traffic 2001; 2: 395-405 pacted structure with a juxtanuclear positioning ( Figure  1Aƒ ,Bƒ). In the mature stage 5 neurons, the fluorescent signal was visualized in the same intracellular position but the labeled structure exhibited a more reticular morphology (Figure 1Cƒ ,Dƒ). By its morphology and subcellular positioning, this structure was reminiscent of the Golgi complex (13, 19) . To obtain evidence that this subcellular compartment is indeed the Golgi complex, we used a coumarin fluorescent derivative of ceramide (7-diethylaminocoumarin-3-carboxylic acid, DECA-Cer) (20, 21) . This fluorescent marker can be used in double-labeling studies because its spectral properties differ from both NBD and BODIPY fluorescent groups. DECACer labeled the Golgi complex as shown by its colocalization with the well-known Golgi marker BODIPY-Cer (Figure (Figure 2Cƒ ,Cƒƒ), colocalization in the Golgi complex was observed. To further prove that endocytosed NBD-SLs are indeed localized in the Golgi complex in cultured neurons, we examined the effects of two agents that perturb the organization of the Golgi complex: brefeldin A (BFA) and nocodazole (NZ). BFA promotes the merging of Golgi and endoplasmic reticulum (ER). The disruption of the microtubular network by NZ causes fragmentation of the Golgi complex into ministacks, which are dispersed throughout the cytoplasm. The Golgi complex markers BODIPY-Cer ( Figure 3A ) and DECA-Cer (not shown) showed the characteristic ER-like staining pattern in BFA-treated cells ( Figure 3B ). The expected Golgi complex fragmentation and dispersion was observed after NZ treatment ( Figure  3C ). When NBD-GlcCer or NBD-SM were internalized for 30 min together with DECA-Cer, and the cells were subsequently treated with BFA ( Figure 3D ,Dƒ) or NZ ( Figure  3E ,Eƒ), similar effects were observed. NBD-GlcCer ( Figure  3D ,E) or NBD-SM (not shown) and DECA-Cer ( Figure  3Dƒ ,Eƒ) showed both the expected ER-like staining pattern and Golgi fragmentation induced by BFA and NZ treatments, respectively. Altogether, the results show that 30 min after internalization from the plasma membrane, NBD-GlcCer and NBD-SM are transported to the Golgi complex of cultured hippocampal neurons.
The presence of internalized NBD-GlcCer and NBD-SM in the Golgi complex is not due to their hydrolytic conversion into NBD-Cer To prove that the labeling of the Golgi complex by endocytosed NBD-SLs is due to the transport of the intact NBD-SL and not to the NBD-Cer generated by its total or partial hydrolysis, we have performed a biochemical analysis of the NBD-GlcCer and NBD-SM metabolism along the internalization pathway (Figure 4 ). The thin-layer chromatography (TLC) analysis was used to examine the back-exchange of the NBD-GlcCer present in the plasma membrane showed that this glycosphingolipid was not hydrolyzed during its internalization and further transport ( Figure 4A ). The same result was obtained when the intracellular content of NBDGlcCer was analyzed ( Figure 4B ). Conversely, the NBD-SM in the plasma membrane was slightly hydrolyzed to NBDCer ( Figure 4A ) but internalized NBD-SM remained unaltered ( Figure 4B ). The percentage of NBD-GlcCer and NBD-SM present in intracellular membranes in relation to total NBDlipid was 8% and 19%, respectively. 
Lipid endocytosis to the Golgi in neurons
Internalized NBD-GlcCer and NBD-SM are diverted to the Golgi complex between the early/recycling endosomes and lysosomes To determine whether the trafficking to the Golgi complex of the internalized SLs involved endocytic organelles, we performed double-fluorescence experiments with well-established endocytic markers. First, NBD-GlcCer or NBD-SM was internalized in the presence of TRITC-transferrin (TRITC-Tf) to monitor the initial phases of the endocytic pathway by labeling early/recycling endosomes ( Figure 5 ). At early times (10 min), NBD-GlcCer (Figure 5Aƒ ) or NBD-SM (Figure 5Bƒ ) appeared in characteristic punctated structures mostly located in the neuronal processes. These structures mostly colocalized (80%) with TRITC-Tf (Figure 5Aƒƒ ,Bƒƒ, small arrows). Thus, the results suggest that after their incorporation into the plasma membrane NBD-SLs are transported to early/recycling endosomes.
To determine whether after early/recycling endosomes NBDglycolipids travel to late endosomes and lysosomes, we next used the TRITC-WGA. This lectin accumulates in late endosomes and lysosomes of hippocampal neurons (22) . Neuronal cells were first incubated with TRITC-WGA for 30 min, However, at 30 min, the fluorescent labeling was completely segregated. NBD-SM was seen in the Golgi complex ( Figure  6Bƒ ), whereas TRITC-WGA labeled the expected cytoplasmic punctate structures that mainly corresponded to late endosomes/lysosomes (Figure 6Bƒƒ ). The same result was obtained when TRITC-WGA was accumulated in lysosomes after a chase of 18 h ( Figure 6C ,Cƒ,Cƒƒ).
The internalization of NBD-GlcCer and NBD-SM in cultured neuronal cells is temperature and energy dependent
To determine whether the internalization of NBD-GlcCer and NBD-SM in cultured neuronal cells was an active or a passive process, we next examined NBD-SL internalization under conditions of temperature and energy block. Addition of NBD-SM to cells at low temperature (4 aeC) resulted in the uniform distribution of the sphingolipid in the plasma membrane (Figure 7Aƒ ). Thereafter, NBD-SM was removed from In panels A and B, hippocampal neurons were first pulse-labeled with TRITC-WGA, washed and thereafter NBD-SM was internalized for 10 min (Aƒ) or 30 min (Bƒ). With this experimental protocol we can simultaneously visualize the endocytic pathway traced by TRITC-WGA (Aƒƒ and Bƒƒ) and the internalization of the NBD-SM (Aƒ and Bƒ). At early times of internalization (10 min), a partial colocalization of NBD-SM and TRITC-WGA was observed (arrows in Aƒ and Aƒƒ). However, at 30 min of internalization NBD-GlcCer labeled the Golgi complex (Bƒ), whereas TRITC-WGA labeled punctated cytoplasmic structures that correspond to late endosomes/lysosomes (Bƒƒ). This segregation was confirmed when cells were first labeled with TRITC-WGA for 60 min, washed and then incubated for 18 h in the absence of the tracer to accumulate TRITC-WGA into lysosomes (Cƒƒ). Subsequently, NBD-GlcCer was added to the cells, internalized at 37 aeC, and transported to the Golgi complex (Cƒ). Bar, 10 mm.
the culture medium, cells were kept at 4 aeC for 60 min, and finally membrane lipid was back-exchanged. No intracellular fluorescence was detected (Figure 7Bƒ ). The energy-dependent transport of the NBD-SLs was examined using the metabolic inhibitors sodium azide and 2-deoxyglucose. Cells were incubated with NBD-SM for 10 min at 4 aeC and warmed to 37 aeC for 60 min in the presence or absence of energy blockers. In the presence of the energy inhibitors the intracellular labeling was completely absent (Figure 7Cƒ ). Identical results were obtained for NBD-GlcCer (not shown).
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Endocytic trafficking of NBD-GlcCer and NBD-SM is not the product of transbilayer movement and transport through the cytoplasm The demonstration that the NBD-SLs internalization in cultured hippocampal neurons requires energy and is sensitive to temperature suggests a vesicle-mediated transport. However, this result does not rule out the possibility that the membrane-incorporated NBD-SLs undergo transbilayer movement from the external to the cytoplasmic leaflet of the plasma membrane prior to or during internalization. This possibility was examined using sodium dithionite (23, 24) . To demonstrate the capacity of cytoplasmic sodium dithionite to quench the NBD fluorescent group, we performed a positive control in which sodium dithionite was microinjected into the cytoplasm of BFA-treated cells incubated with NBD-Cer (see detailed protocol in Materials and Methods). Neither NBDCer labeling was observed in microinjected cells, indicating that the NBD molecule was reduced (not shown). Knowing that, sodium dithionite was microinjected into the cytoplasm of neurons together with a fluorescent tracer (Texas Red-dextran). The cells were then incubated with NBD-SM or NBDGlcCer and DECA-Cer. If NBD-SM was present in the cytoplasmic leaflet of endocytic and/or Golgi membranes, quenching of the fluorescence by sodium dithionite would occur (23) . However, this was not the case, and the Golgi complex fluorescence staining remained unaltered in the neurons microinjected with sodium dithionite (Figure 8 ). Identical results were observed for NBD-GlcCer. Alternatively, NBD-SM or NBD-GlcCer was first internalized into the cells and after 30 min of incubation at 37 aeC, sodium dithionite was then microinjected. In this case also, the Golgi complex fluorescence was not quenched (not shown).
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Discussion
We provide evidence that in cultured rat hippocampal neurons, NBD-GlcCer and NBD-SM are internalized from the plasma membrane into early/recycling endosomes, from where they travel to the Golgi complex by-passing late endocytic compartments. The results reveal that in neurons the Golgi complex is the main delivery site of internalized SLs from the plasma membrane. Our results also indicate that the transport of SLs to the Golgi complex is a vesicle-mediated process.
Transport of internalized NBD-sphingolipids to the Golgi complex is a vesicle-mediated process
We have shown that the internalization of NBD-GlcCer and NBD-SM in cultured neurons is energy and temperature dependent. This is in accordance with the findings for the NBD-GM1 ganglioside (15) . This observation, together with the colocalization of NBD-SLs with transferrin and with WGA (at early times of internalization) in a punctate pattern, indicates that both NBD-SLs are endocytosed into a common early/ recycling endosomal compartment. The occurrence of nu- merous fluorescent punctate cytoplasmic structures and the energy and temperature dependence of the internalization of NBD-GlcCer and NBD-SM argue that these SLs are transported to the Golgi complex by a vesicle-mediated mechanism. The results of the sodium dithionite microinjection experiments further support this idea. The fluorescent staining of the plasma membrane, the Golgi complex and the punctate cytoplasmic structures remains unaltered despite the presence of the NBD-fluorescence quencher in the cytoplasm. This also indicates that there is no transbilayer movement of NBD-GlcCer and NBD-SM from the external to the cytoplasmic leaflet followed by passive monomer transport through the cytoplasm to the Golgi complex. Such a mechanism has been previously shown for NBD-GlcCer in human skin fibroblasts (25) . Moreover, the relatively long period required for the transport of NBD-SLs to the Golgi is compatible with a vesicle-mediated mechanism. Additionally, the biochemical analysis revealed that NBD-Cer is not generated during the internalization process. This result is interesting since NBD-Cer is transported to the Golgi complex through the cytoplasm via a nonvesicular process (5).
The functional significance of internalized sphingolipids in the Golgi complex of neuronal cells
The Golgi complex localization of both NBD-SLs after their internalization from the plasma membrane is independent of the state of neuronal differentiation. This finding is interesting because in HT29 human colon carcinoma cells, endocytosed NBD-GlcCer accumulates in the Golgi complex only in undifferentiated cells (26, 27) . Although we do not know the physiological significance of internalizing lipids to the Golgi complex in neuronal cells, it is tempting to speculate that this could be a good source to supply the high demands of
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Traffic 2001; 2: 395-405 membrane transport in these highly dynamic cells. Thus, in early stages of neuronal development, the lipids internalized from the growth cones and transported to the Golgi complex may be used for the synthesis of new membrane carriers, which in turn are transported to the cell surface to support axonal elongation (28) . In mature neurons, endocytosis of membrane lipids to the Golgi complex could also serve as a rapid source of new membrane needed to replenish plasma membrane loss due to synaptic-mediated membrane internalization. This view is supported by: (a) the requirement of both SLs in the development and differentiation of neuronal processes (16, 29) , and (b) the developmental upregulation of SLs in the maturation of the neuronal membrane-sorting pathway (30) .
In most of the clonal cell lines, endocytosed SLs follow the recycling (via early/recycling endosomes) or the degradative (late endosomes/lysosomes) pathways (31) (32) (33) (34) . The endocytic sorting to the Golgi complex of glycosphingolipids such as globosides (through shiga toxin trafficking) (35), gangliosides (36,37), NBD-glycosphingolipids analogs such as GlcCer, and lactosylceramide (25, 26, 38) and the glycosylation of nondegradable GlcCer analogs (39) have also been described. However, to our knowledge this is the first time that internalized NBD-GlcCer and NBD-SM are both diverted to the Golgi complex. Although the differential sorting of internalized SLs may depend on the specific cellular demands, cell-specific molecular mechanisms appear to govern the final destination of the lipids. One of these mechanisms would be the concentration of cholesterol in the plasma membrane. It has recently been reported that the Golgi complex localization of lactosylceramide in some sphingolipidstorage diseases depends on the levels of cholesterol in the Lipid endocytosis to the Golgi in neurons plasma membrane (40, 41) . Hence, neuronal cells could sort endocytosed SLs to the Golgi complex because they contain lower levels of plasma membrane cholesterol (42) . Another mechanism for the Golgi trafficking seen in neurons may be related to the interaction of SLs with specific proteins, for example those with lectin-binding properties such as shiga and cholera toxins that bind to globotriaosylceramide (43) and GM1 (44), respectively. These toxins are first transported to the Golgi complex and subsequently to the ER (45) (46) (47) . Strikingly, in cultured hippocampal neurons NBD-GM1 is internalized to the lysosomal compartment (15) , except when cholera toxin is bound to this ganglioside, in which case the toxin and the ganglioside are transported to the Golgi complex (48) . Presumably, GM1 is delivered to the Golgi complex passively accompanying the toxin that is actively transported to the Golgi complex and subsequently to the ER (49) . In a similar way, NBD-GlcCer and NBD-SM could be diverted to the Golgi complex from early/recycling endosomes by interaction with some endogenous proteins that follow a toxinlike pathway. There is evidence that proteins can pass directly from early endosomes to the trans-Golgi network (TGN) without passing through late endosomes (50) . However, the molecular mechanism of this transport step is less characterized than that of transport from late endosomes to the TGN, which is regulated by the small GTPase Rab 9 (51,52). Iron saturation and TRITC conjugation of transferrin was carried out as described previously (34) .
Materials and Methods
Materials
Hippocampal neurons culture
Primary cultures of hippocampal neurons were prepared from rat brains of 18-day-old embryos as described (53) . Neurons were kept in culture for 48-72 h (Stage 3) or 5-10 days (Stage 5).
Synthesis of fluorescence-labeled sphingolipids C 6 -NBD-glucosylceramide (NBD-GlcCer), C 6 -NBD-sphingomyelin (NBD-SM) and DECA-Ceramide (DECA-Cer) were synthesized as described (20, 21) . 
Lipid extraction and TLC analysis
After the NBD-SLs internalization experiments, neurons were back-exchanged at 4 aeC with 3% BSA in Hank's solution to separate NBD-SLs present in the plasma membrane from those localized in the intracellular membranes. Extracted NBDSLs were subsequently analyzed by thin-layer chromatography on silica gel 60 HPTLC plates using chloroform/methanol/ 20% (wt/vol) NH 4 OH [70 : 30 : 5] as the running solvent system. For quantitative analysis, individual spots were scraped from the HPTLC plates and eluted from the silica with 1% (v/v) Triton-X100 solution by vigorous shaking and incubated at 37 aeC for 60 min. Silica particles were centrifuged, and the fluorescence in the supernatant was measured in a fluorimeter (Kontron Instruments Fluorimeter, mod. SFM 25, Kontron Instruments, Ltd, Southampton, UK) at excitation and emission wavelengths of 465 nm and 530 nm, respectively.
Brefeldin A and nocodazole treatments
Cultured neurons were first incubated with BFA (10 mg/mL) and NZ (20 mM) for 60 min at 37 aeC, and then labeled with the NBD-SL as described above.
Cytochemical double-labeling experiments
Double-labeling experiments with DECA-Cer and NBDGlcCer or NBD-SM were performed by incubating the neurons with NBD-SL (4 mM) and DECA-Cer (1 mM) at 4aeC, rinsed in Hank's solution, warmed to 37 aeC, and back-exchanged at 4 aeC. Colabeling experiments with TRITC-Tf ( Figure 5 ) were performed as follows: cells were first labeled with TRITC-Tf (0.8 mM) for 30 min at 37 aeC. Thereafter, cells were labeled with the corresponding NBD-SL at 4 aeC, and subsequently warmed to 37 aeC for internalization at different times with the presence in the culture medium of TRITC-Tf. Finally, a backexchange procedure was performed.
TRITC-WGA experiments ( Figure 6 ) were performed incubating the neurons with TRITC-WGA (15 mg/mL) for 30 or 60 min at 37 aeC, washed with Hank's solution, and then incubated at 37 aeC (without WGA) for 20 min or 18 h. Thereafter, cells were incubated with NBD-SL at 4 aeC for its insertion in the plasma membrane and subsequently warmed to 37 aeC for internalization. Finally, a back-exchange procedure was performed.
Energy dependence
Cultured neurons were preincubated for 30 min at 37 aeC with sodium azide (5 mM)/2-deoxyglucose (50 mM), followed by the incubation with NBD-SL at 4 aeC, rinsing with PBS, warmed to 37 aeC for 20 min in the presence of the drugs, and back-exchanged at 4 aeC.
Sodium dithionite microinjection experiments
Neurons were microinjected first with sodium dithionite (80-800 mM), and subsequently labeled with NBD-SM or NBDGlcCer at 4 aeC. Thereafter, cells were incubated at 37 aeC for different times and back-exchanged at 4 aeC. Alternatively, NBD-SM or NBD-GlcCer was internalized first into the cells followed by sodium dithionite microinjection. A positive control experiment with sodium dithionite present in the cytoplasm was performed as follows: cells were treated with BFA (5 mg/mL) for 15 min at 37 aeC, subsequently incubated with NBD-Cer (4 mM, final concentration) for 30 min at 4 aeC and then for 10 min at 37 aeC. Finally, a back-exchange procedure with BSA (3%) for 30 min at 4 aeC was performed. Some cells were then microinjected with sodium dithionite (700 mM) together with Texas-Red-dextran for their identification.
Finally, all images were captured at nonsaturating integration levels with a charge-coupled device camera (Cohu 4193, Cohu, San Diego, CA, USA) connected to a Macintosh computer (Power Macintosh 7300/166).
